The possibility of a strongly first-order electroweak phase transition by means of a dimension-six Higgs operator in the Higgs potential of the standard model is studied at finite temperature at the one-loop level. Exact calculation of the one-loop effective Higgs potential at finite temperature suggests that for the Higgs boson with its mass between 115 and 132 GeV the strongly first-order electroweak phase transition is possible if a dimensionsix operator is present.
I. Introduction
The baryogenesis via electroweak phase transition is an interesting scenario to explain the baryon asymmetry of the universe because it can be tested in the future high energy experiments [1] [2] [3] . Sakharov pointed out several decades ago three ingredients for generating dynamically the baryon asymmetry of the universe from a baryon-symmetric universe [4] . Among them is the requirement that the universe should depart from the thermal equilibrium. The departure from thermal equilibrium is required to guarantee the first order phase transition at the electroweak scale. The strength of the first order phase transition must be strong enough for preserving the generated baryon asymmetry at the electroweak scale.
Previous calculations indicate that there could be a strongly first-order electroweak phase transition in the standard model (SM) if the Higgs boson has a mass of less than 35 GeV, which is well below the experimental lower bound [5] [6] [7] . Lattice simulations have shown that the electroweak phase transition actually vanishes completely if m H > 75 GeV [8] . Thus, the SM in its conventional form eliminates the possibility of a strongly first-order electroweak phase transition. It seems that the SM should be enlarged in order to revive the possibility. A number of suggestions have been published in the literature within the framework of the SM for the strongly first-order electroweak phase transition [9] [10] [11] [12] [13] [14] [15] [16] [17] .
One line of thoughts is based on high dimensional operators. In the SM, the phenomenological implications of the high-dimensional operators are considered in various papers [18] [19] [20] [21] . It is already investigated that a strongly first order phase transition in the context of the electroweak phase transition is allowed for a relatively large Higgs boson mass (∼ 100 GeV) by considering a dimension-six Higgs operator relevant to the tree-level Higgs potential of the SM [22] . Recently, the electroweak phase transition in the SM is investigated by considering a low cutoff on the dimension-six Higgs operator [23] .
In this paper, we would like to examine the possibility of a strongly first-order electroweak phase transition in the presence of a dimension-six operator in the Higgs potential, at the oneloop level. We include the loops of gauge bosons, top quark, Higgs and Goldstone bosons into the one-loop contributions. We calculate the finite-temperature effective potential at the oneloop level by exact integration. We search the parameter space where the Higgs boson has a reasonable mass and the where the electroweak phase transition is both first order and strong enough. The result of our calculations suggests that a strongly first-order electroweak phase transition is possible in the SM with a dimension-six operator if the Higgs boson has a mass between 115 GeV and 132 GeV.
II. The Electroweak Phase Transition
The Higgs potential in the SM consists of one Higgs doublet
where the real component of the neutral Higgs field may be expressed as φ = v + H, where v is the vacuum expectation value (VEV) for the electroweak symmetry breaking and H is the physical Higgs boson. The conventional form of the tree-level Higgs potential in the SM up to φ 4 , at zero temperature, is
To this Higgs potential, we introduce a non-renormalizable dimension-six term, which may be defined as
where α is a parameter for weakly coupled new physics and Λ is a cutoff. The one-loop contribution at zero temperature is given by the effective potential method as [24, 9, 10] 
where i = W , Z, t, φ, and G, respectively for W boson, Z boson, top quark, the Higgs boson, and the Goldstone boson. The degrees of freedom for each particle are n W = 6, n Z = 3, n t = −12, n φ = 1, and n G = 3, and the field-dependent masses for each particle are given by
Thus, the effective potential at the one-loop level for our purpose is
at zero temperature. The mass of the physical Higgs boson, m H , is obtained by substituting φ = v in the second derivative of V (φ, 0). Note that both m 2 φ and m 2 G should be positive in order to be employed in V 1 (φ, 0). The condition that they should be positive yields a cutoff for Λ ≥ √ 3v 2 /m H . A typical value of the cutoff for Λ is 912 GeV, which is obtained from v = v 0 and the experimental lower bound on the Higgs boson mass, m H ≥ 115 GeV, for α = 1. Hereafter, we will set α = 1 for simplicity, unless explicitly specified otherwise. One might consider the case of α = 1 or the case of negative α.
In Fig. 1a , we plot the Higgs potential at zero temperature as a function of φ for α = 1, Λ = 912 GeV, m H = 115 GeV. There are four curves in the figure: The solid curve represents V (φ, 0) = V 0 (φ, 0) + V 1 (φ, 0), and the dashed curve V (φ, 0) = V 0 (φ, 0) + V 1 (φ, 0) + O 6 . In the remaining two curves, we neglect Higgs and Goldstone boson loops in the one-loop contribution. Denoting the one-loop contribution without Higgs and Goldstone boson loops as
One can see that the solid curve is nearly identical to the dotted one and the dashed curve is almost identical to the dot-dashed one. This implies that the contributions of Higgs and Goldstone bosons in the one-loop effective potential is negligible, for α = 1, Λ = 912 GeV, m H = 115 GeV. On the other hand, the effect of the presence or the absence of the dimensionsix term, O 6 , is significant, as the two groups of curves show distinctively different patterns. However, all of the the four curves show a minimum at φ = v = v 0 = 246 GeV, for finite φ. The VEV v of φ is defined as the minimum of the potential. As φ increases indefinitely, the potential without O 6 will eventually decrease to the negative infinity. Therefore, the minimum at 246 GeV is the global minimum for the potential with O 6 , whereas it is a local minimum for the potential without O 6 . This is already observed in a number of papers, for example, from Ref. [25] . At the higher-order level the Higgs potential may escape from decreasing indefinitely.
Without the one-loop contribution V 1 (φ, 0), it has been observed that φ = v 0 may not be the zero-temperature minimum of the potential [23] . In our case, the presence of the O 6 term ensures that the minimum of the potential occurs always at φ = v 0 at zero temperature. Thus, the minimum at 246 GeV is the global one in our case.
In Fig. 1b , we plot the Higgs potential at zero temperature as a function of φ. In this figure, we set α = −1. The other parameters are the same as Fig. 1a : Λ = 912 GeV, m H = 115 GeV. There are two curves: The solid curve represents V (φ, 0) = V 0 (φ, 0) + V 1 (φ, 0) + O 6 , and the dashed curve does V (φ, 0) = V 0 (φ, 0) + V 1−(φ,G) (φ, 0) + O 6 . Here, in Fig. 1b , the contribution of Higgs and Goldstone bosons is clearly significant. Moreover, the minimum at φ = 246 GeV for the solid curve is not a global one. Thus, Fig. 1b indicates that the one-loop effective potential with O 6 for negative α exhibits the same difficulty as the potential without O 6 for positive α. Hereafter, we do not consider the case of negative α in the dimension-six Higgs operator. A detailed analysis for negative α can be found in Ref. [20] . Now, we study the case of finite temperature. The one-loop contribution at finite temperature is given by [26]
where the negative sign is for bosons and the positive sign for fermions. Here, we have i = W , Z, t, φ, and G, respectively for W boson, Z boson, top quark, the Higgs boson, and the Goldstone boson, and n W = 6, n Z = 3, n t = −12, n φ = 1, and n G = 3. The full one-loop effective potential at finite temperature that we are considering can now be expressed as
The above one-loop contribution at finite temperature may be approximated for high temperature as [6, 9, 10] 
where log a f = 1.14 and log a b = 3.91. It is known that in the SM the high temperature approximation is consistent with the exact calculation of the integrals within 5 % for m f /T < 1.6 in the fermion case and for m b /T < 2.2 in the boson case. We would not only use the high temperature approximation but also perform the exact integrations in V 1 (φ, T ) numerically. The two curves in Figs. 2a and 2b show the results of the high temperature approximation as well as the exact integrations. In Fig. 2a , we plot V (φ, T ) in the high temperature approximation, as a function of φ for α = 1, Λ = 912 GeV, m H = 115 GeV. The critical temperature is obtained as T c = 117.04 GeV. One can see that there are two minima in the potential at φ = 0 GeV and φ = 129 GeV. These two minima consist of degenerate vacua, and allow the first-order phase transition. The symmetric phase state corresponds to the vacuum at φ = 0 GeV while the broken phase state φ = 129 GeV. We denote the critical value of the VEV at the broken phase state as v c , that is, v c = 129 GeV in this case. The ratio of v c and T c is a criterion for the strength of the first order electroweak phase transition. Generally, it is regarded as a strong phase transition if v c /T c ≥ 1 at electroweak scale. In Fig. 2a , v c /T c is 1.102, thus satisfying the criterion for the strongly first-order electroweak phase transition.
In Fig. 2b , we repeat the job using the result of exact integrations, and plot V (φ, t) as a function of φ for α = 1, Λ = 912 GeV, m H = 115 GeV. The critical temperature in this case is obtained as T c = 117.14 GeV, which is slightly larger than the result in the high temperature approximation. The critical VEV in this case is, as one can see from Fig. 2b , v c = 134 GeV. Thus, we have v c /T c = 1.134 in Fig. 2b . Both the high temperature approximation and the exact integration suggest that for m H = 115 GeV there can be a strongly first order phase transition at the electroweak scale, if the Higgs potential includes a dimension-six operator.
In this way, we search the parameter space to examine if a strongly first order phase transition at the electroweak scale may take place for other set of parameter values. The ratio of v c /T c decreases, or the strength of the phase transition becomes weak, as Λ increases, for fixed Higgs boson mass. Thus, we carry out exact integrations for V 1 (φ, T ), varying Λ from the cutoff value upward, for given Higgs boson mass, and examine whether the ratio of v c /T c stays above 1 or not. We then increase the Higgs boson mass step by step and vary Λ from the cutoff value upward and check the value of v c /T c . The largest value of v c /T c is actually obtained by taking the smallest, or the cutoff, value of Λ, for given Higgs boson mass, since T c increases and v c decreases as Λ increases. The result of our search is summarized in Table I , where the result is listed in the increasing order of the Higgs boson mass. The first set of entries corresponds to the result of Fig. 2b . Note that the cutoff value decreases as the Higgs boson mass increases, Λ ≥ √ 3v 2 /m H . Notice that the Higgs boson mass in the first and the second set of entries in Table 1 is the same. Actually, we fix the Higgs boson mass at m H = 115 GeV and increase Λ until the ratio of v c /T c decreases down to about 1. As we increase Λ still further, the ratio is found to decrease below 1. We find that Λ may be as large as 950 GeV for m H = 115 GeV in order to ensure the strongly first-order electroweak phase transition.
One can see in Table I that, if the Higgs boson mass is smaller than 132 GeV, the ratio of v c /T c can be larger than or comparable to 1 for a certain value of Λ above the cutoff value. Therefore, Table I tells us that the strongly first-order electroweak phase transition might take place if m H ≤ 132 GeV. A Higgs boson with its mass between 115 GeV and 132 GeV is within the reach of future experiments. It can be discovered possibly in the Tevatron experiments or in the LHC experiments in the near future.
III. Conclusions
The possibility of the strongly first-order electroweak phase transition in the SM is studied by introducing a dimension-six Higgs operator to the finite temperature Higgs potential at oneloop level. The one-loop contributions due to gauge bosons, top quark, Higgs and Goldstone bosons are taken into account. Finite temperature effects are also included by the one-loop finite-temperature correction. Instead of employing the high temperature approximation, we carry out the exact integrations. The difference between the two method of calculations is not serious, but noticeable. For given Higgs boson mass, we calculate the critical temperature (T c ) with two degenerate global vacua and the critical value of the Higgs field VEV (v c ) for the Higgs boson mass. Then, we examine whether v c /T c is larger than 1 or not. In this way, we study if the condition for a strongly first-order electroweak phase transition is satisfied or not. We find that there are parameter space where v c /T c is larger than or comparable to 1 for 115 ≤ m H ≤ 132 GeV. Thus, our study suggests that the SM Higgs potential at the one-loop level with a dimension-six operator allows a strongly first-order electroweak phase transition, for the Higgs boson mass between 115 GeV and 132 GeV. A Higgs boson with this mass range might easily be searched in the future high energy experiments.
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Figure Captions
= V 0 (φ, 0)+V 1 (φ, 0) (solid curve), V (φ, 0) = V 0 (φ, 0)+ V 1 (φ, 0) + O 6 (dashed curve), V (φ, 0) = V 0 (φ, 0) + V W (φ, 0) + V Z (φ, 0) + V t (φ, 0) (dotted curve), and V (φ, 0) = V 0 (φ, 0) + V W (φ, 0) + V Z (φ, 0) + V t (φ, 0) + O 6 (dot-dashed curve),= V 0 (φ, 0) + V 1 (φ, 0) + O 6 (solid curve) and V (φ, 0) = V 0 (φ, 0) + V W (φ, 0) + V Z (φ, 0) + V t (φ, 0) + O 6 (dashed curve).
